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Mechanisms for Ca**-dependent permeability
transition in mitochondria
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In a recent study in cells lacking an assembled F-ATP
synthase the conclusion was reached that this enzyme
cannot form the mitochondrial permeability transition
pore (PTP) (1). As in previous studies (2, 3) the key ar-
gument is that mitochondria still undergo cyclosporin A
(CsA)-sensitive swelling and Ca®*-induced Ca®*release
(1-3). The PTP (or mitochondrial megachannel, MMC) is
an inner membrane channel activated by matrix Ca®*
and inhibited by CsA through cyclophilin (CyP) D, a
matrix peptidyl-prolyl cis—trans isomerase. The PTP can
reach conductances up to 1.2 to 1.5 nS but is rich in
smaller subconductance states (4). Based on the effects
of the adenine nucleotide translocase (ANT) inhibitors
carboxyatractylate and bongkrekate (BKA) (PTP activa-
tion and inhibition, respectively) the first candidate for
PTP formation was the ANT, which forms BKA-sensitive,
Ca?*-activated channels with conductance up to 0.6 nS
affected by CyP in a CsA-sensitive manner (5).

The ANT hypothesis was questioned because a PT
could be detected in liver mitochondria after ablation
of the genes encoding for ANT1 and ANT2, isoforms
expressed in mouse liver (6), but this hypothesis should
be reevaluated. Indeed, ANT1/ANT2-null mice overex-
press ANT4 in the liver (7). Although ANT1/ANT2-null
mitochondria did not show any appreciable respiratory
stimulation with ADP (6), it is possible that ANT4 could
have contributed to Ca®*-dependent permeabiliza-
tion (7). At any rate, generation of ANT1/ANT2/ANT4
triple-knockout (KO) mice allowed readdressing the
role of ANT in the PT with some interesting results.
Triple-KO mitochondria became more resistant to the

Ca®*-dependent PT yet underwent full permeabiliza-
tion to sucrose, indicating that the PTP still exists in
the absence of any ANT isoforms, and treatment with
CsA or ablation of CyPD made mitochondria refrac-
tory to the PT (7), indicating that the channels medi-
ating permeabilization are all activated by CyPD and
inhibited by CsA.

Mitochondria in cells lacking an assembled F-ATP
synthase 1) displayed a slower swelling rate and extent
both in KCI- and sucrose-based media, 2) initiated the
swelling response in sucrose after a lag phase of about
30 s from Ca?* accumulation, at variance with wild-type
mitochondria where swelling immediately followed Ca®*
uptake, and 3) markedly increased their Ca®* retention
capacity after treatment with both CsA and BKA (1).
Inhibition by BKA, which does not affect the channel
activity of F-ATP synthase (8), suggests that the actual
permeabilization pathway in mitochondria that do not
assemble a functional F-ATP synthase is provided by
the ANT. This is also consistent with observations in
cells where subunit ¢ of F-ATP synthase had been
ablated, resulting in lack of assembly of F-ATP syn-
thase (2). Mitochondria in these cells no longer dis-
play PTP/MMC channel activity but possess a smaller
channel of about 0.3 nS that is inhibited by BKA (9).
Taken together, these findings suggest that mitochon-
dria have at least two pathways for permeabilization: 1)
the F-ATP synthase, which is inhibited by CsA but not
BKA (8, 9), and 2) the ANT, which is inhibited by both
CsA and BKA (9). Thus, F-ATP synthase remains an ex-
cellent candidate for the high-conductance PTP (8).

1 J. Carroll, J. He, S. Ding, |. M. Fearnley, J. E. Walker, Persistence of the permeability transition pore in human mitochondria devoid of an
assembled ATP synthase. Proc. Natl. Acad. Sci. U.S.A. 116, 12816-12821 (2019).
2 J. He et al., Persistence of the mitochondrial permeability transition in the absence of subunit ¢ of human ATP synthase. Proc. Natl.

Acad. Sci. U.S.A. 114, 3409-3414 (2017).

3 J. He, J. Carroll, S. Ding, I. M. Fearnley, J. E. Walker, Permeability transition in human mitochondria persists in the absence of peripheral
stalk subunits of ATP synthase. Proc. Natl. Acad. Sci. U.S.A. 114, 9086-9091 (2017).

4 |. Szabo, M. Zoratti, Mitochondrial channels: lon fluxes and more. Physiol. Rev. 94, 519-608 (2014).

5 N. Brustovetsky, M. Tropschug, S. Heimpel, D. Heidkémper, M. Klingenberg, A large Ca?*-dependent channel formed by recombinant
ADP/ATP carrier from Neurospora crassa resembles the mitochondrial permeability transition pore. Biochemistry 41, 11804-11811 (2002).

6 J. E. Kokoszka et al., The ADP/ATP translocator is not essential for the mitochondrial permeability transition pore. Nature 427, 461-465

(2004).

*Department of Biomedical Sciences, University of Padova, -35131 Padova, Italy

Author contributions: P.B. wrote the paper.
The author declares no competing interest.
Published under the PNAS license.

"Email: bernardi@bio.unipd.it.

First published January 28, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1921035117

PNAS | February 11, 2020 | vol. 117 | no. 6 | 2743-2744


http://orcid.org/0000-0001-9187-3736
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1921035117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:bernardi@bio.unipd.it
https://www.pnas.org/cgi/doi/10.1073/pnas.1921035117

7 Karch J et al. (2019) Inhibition of mitochondrial permeability transition by deletion of the ANT family and CypD. Sci. Ad.v 5, eaaw4597.

8 A. Urbani et al., Purified F-ATP synthase forms a Ca®*-dependent high-conductance channel matching the mitochondrial permeability transition pore. Nat.
Commun. 10, 4341 (2019).

9 M. A. Neginskaya et al., ATP synthase c-subunit-deficient mitochondria have a small cyclosporine A-sensitive channel, but lack the permeability transition pore. Cell
Reports 26, 11-17.e2 (2019).

2744 | www.pnas.org/cgi/doi/10.1073/pnas.1921035117 Bernardi


https://www.pnas.org/cgi/doi/10.1073/pnas.1921035117

